A thermal conductivity study of RuO 2 single crystals has been carried out via the photothermal deflection technique in transverse configuration at room temperature. The thermal diffusivity and conductivity of RuO 2 crystals are determined to be 0.17 cm 2 s −1 and 0.50 W cm −1 K −1 , respectively. Furthermore, it was found that the thermal conductivity has inversely proportional temperature dependence in the region between 50 and 300 K.
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Transition metal oxides are well suited for a variety of appealing technological applications. One excellent example of such oxides is ruthenium dioxide, RuO 2 . It features a tetragonal rutile structure and is a promising material due to its exceptional properties such as thermal stability, 1,2 low room temperature resistivity, and excellent diffusion barrier properties. 3, 4 These properties encourage the use of RuO 2 as a noncorrosive diffusion barrier for contact metallization in very large scale integrated circuits, [5] [6] [7] [8] bottom electrode of ferroelectric thin films used in dynamic random access memories, 9 thick film resistor, 10, 11 and high efficiency electrochemical capacitor. 12 Furthermore, RuO 2 has been investigated as an electrode material in the chloralkali industry and more recently in extreme ultraviolet lithography. [13] [14] [15] Many physical properties of RuO 2 have been studied extensively; however, in the past, thermal conductivity measurements have been restricted to cryogenic temperatures. 16, 17 In this work, we grew single RuO 2 crystals by the method of chemical transport reaction and measured its room temperature thermal conductivity using the photothermal deflection ͑PD͒ technique.
Single crystals of RuO 2 were grown by the method of chemical transport reaction in a flowing oxygen system as described previously. 18 In this method, the gaseous oxide, RuO 3 , is formed by the reaction
when oxygen is passed over Ru metal powder at a temperature of about 1200°C and at a flow rate of approximately 100 cm 3 min −1 . The volatile RuO 3 gas is then decomposed and crystallized into highly ordered single crystals of RuO 2 at about 1000°C. X-ray powder diffraction analysis was performed to establish the tetragonal rutile structure, and Laue backscattering was used to identify the growth habits.
The PD technique was selected because of its contactless and nondestructive features. It allows for measurement of thermal conductivity by probing the change in refractive index caused by a temperature gradient on the sample surface, where the temperature gradient is provided by periodic heating from a modulated pump laser beam. The change in refractive index can be detected by the deflection of a probe laser beam traveling close to the sample surface and perpendicular to the pump beam ͑transverse configuration͒. 19 The PD experimental setup is illustrated in Fig. 1 . The sample is heated by a 532 nm pump beam produced by second harmonic generation of an Nd-YAG laser ͑Adlas DPY 315II͒ operating at 65 mW. The pump beam is mechanically chopped ͑Stanford Research SR540͒ at several frequencies between 6 and 15 Hz to produce periodic heating on the sample surface. The probe beam is a HeNe laser ͑Uniphase 1125P͒ with a power of 1.5 mW focused by a lens. A position sensitive detector made by United Detector ͑model SC/ 4D͒ is employed to measure the transverse deflection of the probe beam. The output of the detector is fed to a lock-in amplifier ͑Signal Recovery DSP 7265͒ and analyzed by a computer. During all measurements, the sample was positioned inside a polyvinyl chloride cell filled with CCl 4 and having quartz windows to allow the laser beams to pass through. CCl 4 was chosen as the coupling medium in order to enhance the PD signal. CCl 4 is not a significant factor in the measurement technique as long as the thermal diffusivity of the sample is larger than the thermal diffusivity of CCl 4 which is 7.31ϫ 10 −4 cm 2 s −1 , where in our case the thermal diffusivity of our sample was three orders of magnitude larger. 20, 21 The above described setup was standardized by measuring the thermal conductivity of a Si wafer for which the obtained value of 1.5 W cm −1 K −1 is in agreement with the reported value. 22 The thermal diffusivity D of the sample can be determined by monitoring the phase changes in the PD signal produced by an offset ͑⌬y͒ between the pump and probe beams as a function of the modulation frequency f, as shown by
where the quantity on the left-hand side of Eq. ͑2͒ is the thermal diffusion length of the sample at a particular modulation frequency. Figure 2 shows the phase of ⌽ t as a function of the offset y at several frequencies between 6 and 15 Hz. The curves are shifted from each other by 25º for visual presentation. A flip in the phase occurs where the two beams cross each other ͑zero offset͒, which is a characteristic of the tangential component of the deflection signal. 26 The thermal diffusivity was determined from a plot of the linear slopes from curves in Fig. 2 versus the square root of the inverse modulation frequency of the pump beam ͑Fig. 3͒. This step allows us to account for the frequency dependence of the thermal diffusivity by extracting its value from the linear slope in Fig. 3 . The measured thermal diffusivity was 0.17 cm 2 s −1 . By knowing the thermal diffusivity, the thermal conductivity can be calculated according to 29 = DC, ͑3͒ where = 7.05 g cm −3 and C = 0.42 J g −1 K −1 are the density and heat capacity of RuO 2 , respectively. 30, 31 The thermal conductivity of RuO 2 was determined to be 0.50 W cm −1 K −1 . The electronic contribution to the thermal conductivity at room temperature was calculated by use of the Wiedemann-Franz law
19-21,23-28
where L is the Lorenz number defined as 2.45 ϫ 10 −8 W ⍀ / K 2 and 0 = ϳ 35 ⍀ cm is the room temperature electrical resistivity of RuO 2 . 33 The calculated contribution corresponds to 0.21 W cm −1 K −1 , which is lower than the measured value. The difference can be attributed to the semimetallic nature of RuO 2 where one would expect a lattice contribution to be present in addition to the electronic one.
In pure metals, the thermal conductivity rises in a linear fashion at low temperatures until it reaches a maximum value and then decays exponentially until it reaches a constant minimum at high temperatures. In semiconducting materials, the conductivity rises according to a T 3 law at low temperatures up to a maximum and then decays as 1 / T at higher temperatures. In the 1 / T regime lattice vibrations contribute to the thermal conductivity albeit in a limiting way due to umklapp processes. 34, 35 Given the semimetallic nature of RuO 2 and the thermal conductivity behavior at high temperatures of metals and semiconductors, we used a relationship in the form of a / T + b to correlate our measurements with those obtained by Millstein 17 in the temperature range of 50-300 K. Figure 4 shows the fit using the constants a =35 W cm −1 and b = 0. 
